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INTRODUCTION 
It has been known that amino-poly-carboxylic acids~ 
which have the carboxyl groups attached to the nitrogen, 
are very effective as complexing agents for many metal ions. 
G. Schwarzenbach and co-workers (5-11)"'*" have published a 
!series of articles dealing with these compounds. Of spe-
cial interest are the articles concerning ethylenedia;mine-
litetraacetic acid ( 6, 7, 9). The acidity constants of the 
acid were found (6) as well as the complex formation con-
stants of the lithium, sodium, magnesium, calcium, stron-
tium, and barium complexes. Also, methods were given (?) 
whereby metals could be determined by means of titration 
with ethylenediamine-tetraacetic acid using pH effects as 
enepoint indications. Hydroxy complexes with iron and 
aluminum were mentioned here. 
The ferric complexes with ethylenediamine-tetraacetic 
acid have been discussed by G. Schwarzenbach and J. Heller 
(9). The complex formation constants have been calculated 
and the composition of four ferric complexes have been 
formulated. 
Brintzinger, Thiele, and Muller (2) have isolated a 
ferric complex. Copper and sodium salts of a copper com-
plex were described by Pfeiffer and Offermann (4), while 
Brintzinger and Hesse (1) have prepared a copper complex 
*See the Classified Biblio~raphy for these and all 
the following references. 
1 
I 
~nd a nickel complex. 
The stability constants of a nickel complex, of a 
pobalt complex and of a copper complex were given very 
recently in an article by G. Schwarzenbach and Elsi Freitag 
(8). Only three complexes were given. 
/ It seemed desirable to investigate further the heavy 
metal complexes, in aqueous solution. The complexes with 
Ni+2 , co+2, cu42, Fe+3, and Al+3 were studied here. 
The aim of this research was to determine the number 
of complexes formed by these heavy metals and ethylene-
diamine-tetraacetic acid and also to deterfuine the compo-
sition of each complex. 
Each ion of the acid was titrated conductimetrically 
against each metal ion~ A break in the linear curve of 
conductivity plotted against the ratio of the molar con~ 
centrations of metal ion to acid ion showed the number of 
complexes formed as well as the number of metal atoms and 
acid molecules in each complex. 
Potentiometric titrations of acid ions against metal 
ions showed pH jumps when pH was plotted against the molar 
ratio of metal ion t,o acid ion and thus showed the formation 
of complexes containing hydrogen or hydroxy~ groups. In 
many cases the pH became constant after a certain ratio of 
metal to acid was reached, indicating the formation of 
complexes containing no hydrogen or hydroxyl groups. These 
I titratibns also duplicated the results of the conductivity 
,, measurements mentioned above .. 
2 
, I 
i' ( . 
Potentiometric titrations of mi~tures·of metal icp,, 
' . - - -~ 
1 
d aoid ion, in the ratios fc)"\inf~ b.y the abeve method$; 
~~ainst sodium hydroxide or agaiEst hydrochloric. aa'ii 
:b 
'I 
owed b·sw many protons were given off in the f o:r:Dla tion 
. ·: ' -: 
the complex and how many hydroxyl or hydrogen i·o;p,·s 
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Part I 
THE NEUTRALIZATION CURVES OF ETHYLENEDIAMINE-TETRAACETIC 
ACID WITH ADDITION OF HEAVY METALS AND THEIR SIGNIFICANCE 
Comparison of the neutralization curves of ethylene~ 
diamine-tetraacetic acid with those of the acid upon addi-
tion of metal ion shows the complex formation of the metal 
with the acid. 
The technique of measurement and the apparatus em-
ployed was similar to that used by Schwarzenbach, Willi, 
and Bach (11) to obtain similar curves for the complexes 
with the alkali metals and with the alkaline earth metals. 
A hydrogen electrode and a silver-silver chloride 
electrode were used as indicator electrode and reference 
electrode respectively. The hydrogen electrode is shown 
in Figure 1. The platinum electrode was cleaned in aqua 
regia and then was electrolyzed aB the cathode in chloro-
Jplatinate solution using two dry cells as source of poten-
'ltial. The silver-silver chloride electrode was a thick 
silver wire upon which silver chilioride had been preci-
I 
1i pita ted electrolytically from a hydrochloric acid solution. 
' 
These electrodes and a five milliliter micro-buret were 
dipped into the solution to be titrated, which was contained 
in a one hundred and fifty milliliter beakere The beaker 
was immersed almost to the top in a water bath thermostated 
to 2ooc. The hydrogen used came directly from a tank of 
4 
The solution was stirred by means of a stirring 
rod. 
All the solutions except sodium hydroxide were pre-
pared with O.lN KCl as solvent. Therefore the ionic 
strength of the solutions was nearly constant. For example, 
a nickel chloride solution was prepared by dissolving 
2.3770 grams of NiC12 ·6H20 and 5·9640 grams of KCl in 
distilled water and diluting to 1 liter. Thus the solution 
was 0.01 molar in NiC12 and 0.1 normal in KCle The solu-
tions of the other metal ions were prepared;in a similar 
manner. A 0.002 molar solution of ethylenediamine-tetra~ 
acetic acid in 0.1 normal KCl was prepared by mixing 0.7447 
grams of the disodium salt of the acid with 41.28 milli-
liters of 0.0969 normal HCl and 7.1568 grams of KCl and 
diluting to 1 liter. 
The standard HCl, 0.0969N, was mixed in the conven-
tional manner by diluting to 1 liter 17.5115 grams of con-
stant boiling HCl, 180.71 grams of which diluted to l liter 
made a 1 normal solution. The sodium hydroxide was prepared 
from a filtered, saturated solution of the hydroxide and 
from distilled water, previously boiled to remove co2 • The 
NaOH was standardized against the HCl using methyl red as 
indicator. For all solutions, materials of reagent grade 






The volume of the solution at the beginning of the 
'\potentiometric titration was one hundred milliliters and 
i two to three milliliters of sodium hydroxide wer·e added. 
The total concentration of measU.r~d acid amounted to 10-3 
moles per liter. The concentration of heavy metal ions 
was between lo-3 and 10~4 moles per litera 
: A student potentiometer was used in measuring the 
\\potential, E. The potentiometric circuit is shown in 
·\igure 2. 
The pH was calculated from the equation pH= E - Eo 0.05818. 
~0 was obtained by titrating perchloric acid of known 
concentration with sodium hydroxide of known concentration 
nd using the equation E= E0 - 0.05818 lg(~)~ E0 was 
obtained each day and therefore the variation in the 
~ressure was disregarded. 
The potentials observed fqr the iron complexes and 
~or the copper complexes were negative and not steady. It 
as thought that perhaps these metals interfered with the 
ef'erence electrode, thus damaging the silver-silver 
<~loride electroJe. This electrode was placed in a sepa-
I 
1
a_te cell in 0 .lN KCl, the cell being connected to the 
" i/ 
r rin solution by a liquid bridg,e of 0 .lN .KCl, see Figure. 1. 
~~e potentials for the iron complexes were then normal, 
I 
t~t those for the copper complexes were still negative 
a~d unsteady. It seemed likely that the copper was being 
6 
reduced b~ the hydrogen from the indicator electrode. 
rhe neutralization curves for the copper complexes were 
I 
bbtained by the use of a Leeds and Northrup pH meter, 
I' 
herefore using a glass electrode as indicator electrode 
/ nd a calomel electrode as rBfBrence electrode. The curve 
Por ethylenediamine-tetraacetic acid in Figure 5 was also 
~un on this pH meter. 
The curves shown in Figures 3 through 7 were thus 
obtained. PH was plotted against 11 a 11 , where 11 an was the 
molar ratio of the added hydroxyl ion concentration to the 
totai ethylenediamine-tetraacetic acid concentration. 
Curve 1 is the neutralization curve of the acid. Curve 2 
shows the neutralization b~fthe acid with the metal ion 
added as the chloride in a ratio of two moles of acid to 
one mole of metal ion. Curve 3 is the same as the latter, 
but with a ratio of five moles of acid to four moles of 
metal ion. 
Tables 1, 2, and 3 show experimental data, thus Quret 
reading and observed E.M.F. 1 s for the titrations of 
ethylenediamine-tetraacetic acid, of the acid plus Ni 
(ratio of two to one), and of the aciN plus Ni (ratio of 
five t.b four) against sodium hydroxide. The calculated 
II values of 11 a 11 and of each corresponding pH are also given. 
No precipitates were formed at high pH's, proving 


















A - Thermostat 
B - 150 ml beaker 
C - Hydrogen Electrode 
(see· inset) 
D - Silver-silver chloride 
electrode in separat~ cell 
E - Liquid Bridge 
F - Micro-buret 
G - Stirring nod 










e - Multiple Contact Switch 
Std - Standard Cell 
X - Unknown Cell 
cd --Uniform Slide Wire 
ab - 15 Equal hesistances 
Rh - Rheostat 
B- Eatter;y 
k1 , k4 - Keys 
f - Contact . 
r -·Resistance 
G - Galvanometer 
II Figure 2, 







POTEN~IOMETRIC TITRATION OF ETHYLENEDIAMINE-
TETRAACETIC ACID WITH SODIUM HYDROXIDE (.2556N) 
e - i Buret Readings Eobs. a.oalc. pHoa.lo. 
0.000 ml. 0.4548 volts o.ooo 2.812 
0.100 0-4590 0.256 2.88t 
!! 0.200 0 .1~1532 0.511 2-95 o:~Roo . 0.4679 0.767 3·047 
o. 00 0-4~43 1.022 3-1 7 0.500 o.4 29 1.278 3-295 
o.l5oo 0.49~2 1.534 3-507 0.650 0.50 8 1.15151 3·1571 
0.700 0.520t 1.789 4•4Lt0 0.~50 0.552 1.917 • 93 
o. 00 o.5909 2.045 5-100 
0.850 o .. /5125 2.173 5-523 
0.9q0 0.6285 2.400 5·798 
0-990 o.64oo 2. 28 ~·945 1.000 0.65~3 2-5~6 .2 1 1.050 0.66 8 2.15 4 6 ·~90 1.100 0.6878 2.812 6. 16 
1.210 0.~14~ 3-093 8-995 1.250 0.832 I 3·14~ 9·302 1.410 0.8500 3·3 9-6~ 1. 00 0.8680 3·578 9·9 
1.5GO 0.8832 4•834 10.1~5 1.1500 0.89~3 .0,0 10.3 3 1:.7QO 0.90 5 tt:~5~ 10.5~1 1.900 0.91 5 10.~ 2 











' POTENTIOMETRIC TITRATION OF ETHYLENEDIAMINE-
e TETRAACETIC ACID PLUS NICKEL iCHLORIDE (MOLAR RATIO OF TWO TO ONE) WITH SODIUM ~YDROXIDE ( 0 .2544N) 
: 
Buret Readings Eobs. aca1c PHca1c. 
' 
o.ooo ml. 0.4465 v-olts : 0 .ooo 2.59~ 0.050 0.44~~ : 0.127 2.61 0.100 0.44 0.254 2.637 
0.159 o .L~501 0.382 2.6~7 0.200 0.4515 0.509 2.6 3 
0.250 o.J.isr 0.636 2.711 0.300 0 .. 45 8 0.~63 2·7t0 
O-R50 0.45 5 o. 90 2.~ 9 I o. 00 0.4587 1.017 2. 07 o.450 0.4607 1.145 2.8~1 0.501 0.4630 1.27~ 2.8 0 0·552 I 0.4654 1.4o 2.922 o.6oo o.467a 1.52 2-958 
o.65o 0-470 1.654 3-008 
0.700 0-4733 i 1. 780 3-058 
o.~5o 0 -4~64 . 1.908 3.113 0 .. 00 0.4 0 i 2.035 3.180 
o.85o 0.4845 . 2.162 3.2ER 0.900 0.4900 2.290 3·3 
I 0.950 0.4956 2.417 3-441 
I 1.000 0.503t 2.544 3·575 il 1-050 0.513 2.671 I 4.750 1.100 0.5301 ' 2.798 .034 1.150 0. 5662 2.926 4.65~ 1.200 0.6141 3·053 5·47 
I 1.250 0. 6430 3.180 ~ •475 1.300 0.66~9 3·407 • 03 
1.450 0.~1 7 3· 34 7-241 1. 00 o. 324 3-562 9·230 
1-450 0.8575 3-689 9.661 
i 1.500 0.8~12 3.816 9·897 
' 1-550 0.8 36 4.943 10.110 I 1.601 0.8937 .073 10 .. 284 1.650 0 .. 9004 4-198 10.407 






ii POTENTIOMETRIC TITRATION OF ETHYLENEDIAMINE-
e I - . ~1 TETRAACETIC ACID PLUS NICKEL CHLORIDE (MOLAR RATIO OF FIVE TO FOUR) WITH SODI~ HYDROXIDE (0.2556N) 
Buret Readings Eobs. acilC. PHcalc 
o.ooo ml. 0.4405 volts o.ooo 2 .)83' 
0.100 0.4425 0.256 2.601 
0.200 0.4449 0.511 2.6~2 
o.eoo 0.4473 0.767 2.6 3 
o. 00 0.4502 1.022 2-~33 0.)00 0-4535 1.278 2. 23 
o.6oo 0-4570 I 1.534 2.850 
o.~oo 0.4610 . 1. 789 2.919 
o. 00 0.4656 2.047 2-998 
0.900 0.4 716 2.400 3-101 0.950 0.47~9 2. 28 3-156 
li: 1.000 o.4~ 6 2.5~6 3-221 
I 1.050 0.4 30 2.6 4 3·247 1.100 0.4879 2.812 3·3 ~ 1.200 0.5005 3-067 3·59 
1-250 0.5100 3-195 3-761 
1.300 0.5233 3·E_23 E_-989 
1.450 0.5565 3. 1 51 .. )60 1. 00 0 .. 6190 3·578 5·634 
1.450 0.~175 3·~og 7-405 1 .. 500 o. ~17 3. 3 9-~62 
1-550 0.8 71 ,.962 9· 49 1 .. 600 0.8816 .090 .10.1 8 
1.650 0.8925 . 4.217 . 10.
4
35. 
1.~00 0.9003 '4-345 10. ~9 1. 00 0.9110 ' 4.601 10.653 
1.850 0.9154 4·~29 10.729 1.900 0.9190 4- 56 10.791 
Ill 
Schwarzenbach, Willi and Bach (11) state that ethylene-
diamine-tetraacetic acid gives off two protons simulta-
·neously and then at a pigher pH gives off another proton 
during the neutralization process. This can be seen from 
1
the neutralization curve of this ~aid where pH jumps occur 
an a=2 and at a=3· The fourth hy~rogen is so weakly aci-
die that no pH jump is shown for fts removal. 
When a heavy metal ion was a~ded to the acid these 
pH jumps were suppressed, showing that the metal ion had 
reacted with the acid giving off protons, how many can-
not be determined from these curv~s Since there is a 
definite flat area in the pH curv ~f the acid plus metal 
ion (ratio of two to one), it wou]d seem that a definite 
romplex was forming here. Thus tJe composition of the 
fomplexes seemed dependent upon tJe metal to aoid ratio 
~s well as upon the pH• 
13 
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THE DETERNtiNATION OF 'l'HE RATIO OF METAL ill0 
ETHYLENEDIAMINE~TETRAACETIC,ACID IN EACH 
·COMPLEX BY PH MEaSURE!viENTS 
It was found that when the disodium salt of ethylene-
~iamine-tetraacetic acid yvas titrated against nickel 
phloride, the pH dropped as the nickel chloride wasr:added 
o the acid, but that after the ratio of one mole of metal 
o one mole of acid was reached the pH remained constant. 
~"'his would indicate the formation of a complex until 
~his ratio was reached and that after this no further 
~eaction took place. This is shown in Figure 15, where 
~he observed pH is plotted against 11 brr, which is the molar 
1->atio of nickel ion to t otai acid. 
It seemed that the metal ion was reacting with the 
~ons of ethylenediamine-tetraacet~c acid, in the previous 
~ase tbe doub~ly negative ion, thus forming several dif-
~erent complexes, which would be dependent upon pH. Thus 
each ion of ethylenediamine-tetraacetic acid was titrated 
~gainst N} 42 , co+2, Cu~2, Fe+3, and Al+3, unless the acid 
on occurred at a low pH, in which case the resulting 
purve would not be too ::&~gi"fioant. 
In many oases pH jumps occurred, which would show 
~he formation of hydroxy or hydrogen complexes, see Figure 
~8, at one ratio of metal to acid and another complex, 
~iffering in the number of hydroxy or hydrogen groups, at 
19 
. I . 
nother ratio of metal to acid. 
A Leeds and Northrup pH meter was used for all 
asurements. 
Each acid ion was prepared by adding sodium hydroxide 
hydrochloric acid to the disodium salt of etbylene-
iamine-tetraacetic acid until the desired sodium salt of 
was obtained. For example, 0.1862 grams of the 
disodium salt of the acid and 1.57 milliliters of 0.3188 
normal hydroxide were mixed and diluted to 500 milliliters. 
Thus a 0.001 molar solution of the trisodium salt of the 
acid *aB formed. This salt in water solution was used 
as the acid ion with a negative charge of three upon it, 
thus containing only one hydrogen atom. 
The metal ions were prepared as the chloride. Thus 
5·9425 grams of NiC12 ·6HzO dissolved in water and diluted 
to 250 milliliters formed a 0.1 molar solution of NiCl2 • 
The concentration of each acid ion was approximately 
10-3 moles per liter and one hundred milliliters of the 
solution was used for each titration. The concentrations 
of the metal ion solutions used were between 10-land lo-2. 
The glass electrode and calomel electrode of the pH 
meter were dipped into the solution and clamped. The 
solution was contained in a one hundred and fifty milliliter 
beaker. The metal ion solution was measured by m~ans of a 






!. Table 4 shows the results of the previously mentioned 
d 
1pitration. 
e 1! II TABLE 4 
POTENTIOMETRIC TITRATION OF THE DISODIUM 
SALT OF ETHYLENEDIAMINE-TETRAACETIC ACID (O.OOlM) 
WITH NICKEL CHLORID~ ( 0 .1M) 
I 
pHobs. boa1c ·I PRobs. boa1oe PRobs. I boa1o. 
5-40 o.ooo 3·61 o.4oo 3·26 o.8oo 
4.10 0.050 3·55 0-450 3-24 0.850 
.61 0.100 3.41 0.500 3.21 0.900 4·23 0.150 3. 7 0.550 3-19 0-950 
3·99 0.200 3·41 o.6oo 3-17 1.000 
3.88 0.251 3·37 o.65o 3·17 1.050 
3·78 0.300 3·32 0.700 3-17 1.100 
















THE DETERMINATION OF THE RATIO OF METAL TO 
ETHYLENEDIAMINE-TETRAACETIC ACID IN EACH 
COMPLEX BY CONDUCTIVITY MEASUREMENTS 
It seemed desirable to check and supplement the re-
sults obtained from the previous pH measurements. Thus 
conductivity measurements were desired which when plotted 
1
as ordinate against 11 bn as abscissa would show the ratio 
of metal to acid in each complex by a change of slope at 
this ratio. 11 bn was the molar ratio of added metal ion 
to to~al ethylenediamine-tetraacetic acid. 
Thus an apparatus was set up to measure the con-
duetivity of the ethylenedirumine-tetraacetic acid solution 
/ 
~s metal chloride was added~ The conductivity cell used, 
'shown in Figure 8, was a 100 milliliter beaker equipped 
with glass side arms filled with mercury. The platinum 
electrodes were sealed into the sides of the beaker, thus 
being connected to the mercury in the side arms. Wires 
sealed into the top of the arms connected the cell with 
,, the rest of the apparatus. An industrial conductivity 
II 
1! 
, 1 bridge was used for preliminary measurements. Swirling 
of the cell sufficed for stirring. The data obtained 
from this apparatus were not acc~rate enough to result in 
readable graphs. 
Accurate measurements were obtained using the appa-
ratus shown in Figure 9· A student potentiometer, used 
22 






B Knob to operate slide vvire. 
R Resistance Box 
~ 
II 
A - Earphones 
k - Key 
'F Audio-frequency Oscillator 
p - Potentiometer 









~s a Wheatstone bridge, a four-dial resistance box, an 
~udio-frequency oscillator and earphones were the prin-
pipal pieces of apparatus. The conductivity cell used 
li 
~reviously was adaptable here after the electrodes had 
~een platinized. A five millilit~r micro-buret was used 
' 
to measure the solution of metal chloride added. A mag-
netic stirrer, consisting of a spinning magnet under the 
'cell and a piece of iron sealed in a small glass tube 
and placed in the cell, served as a st&rring device. This 
stirrer added much to the accuracy of the data sfunce it 
insured even stirring and no spilling as well as lowering 
of the chances of solution clinging to the sides of the 
; cell. 
As metal ion was added to the acid the conductivity 
~varied linearly until all the acid had reacted. Then a 
distinct break in the curve formed because the resistance 
~changed more or less rapidly than previousl) as excess 
II ~metal ion, Ni+2 for example, was added, therefore changing 
/I the slope. This is shown in Figure 10 where ethylene-
diamine-tetraacetic acid was titiated against nickel chlo~. 
1ride. A break in the curve occurred at bfl, thus showing h 
'' that a complex had formed containing one atom of nickel 
and one molecule of the acid • 
Table 5 shows the results of this t'itration. 11 A11 , 





at the center of the slide wire. Since the unknown re-
1kistance, X, equaled !±.2.Q.o ~ AR where R was the resi-
,, 5500 - A ' 
stance box reading, X always equaled R. The conductivity 
~as thus one divided by this reading, here given as 
f/X x 103 for convenience of plotting. 
The concentration of the acid ion in each titration 
was 5 x lo-4 moles per liter and fifty milliliters were 
used in each titration. The concentration of the metal 
chlorides used was approximately 5 x lo-¢ moles per liter. 
Each of these solutions was prepared as described in 
Part II. 
TABLE 5 
CONDUCTIMETRIC TI~RATION OF ETH~~ENEDIAMINE~TETRA-
4CETIC ACID (5xl0-4 M) WITH NICKEL CHLORIDE (0.0498 M) 
Buret 
Readings 































5 ~ ~ts 
559 
551 I 














1. 96 1.761 
l-594 1.l89 













Buret I Readings 
I J _0:900 m1. 
·r· • _ 9 ·9 so 


















TABLE 5 CONTINUED 
X bca1c. 
ohms 
1/X x 103ca1c. 
























THE DETERMINATION OF THE NUMBER OF HYDROXYL OR 
HYDROGEN GROUPS IN EACH COMPLEX ;BY PH MEASUREMENTS 
When ethylenediamine~tetraace,tic acid was titrated 
1 ~ith a heavy metal chloride, sharp changes in pH were 
noted. Thus it seemed probable that either hydroxyl or 
hydrogen groups were present in the complex$ 
Solutions of each complex were prepared by mixing a 
solution of an ion of the acid with a metal chloride such 
that the ratio of metal to a aid was equal to 11 b 11 obtained 
from the oonduotimetrio titration of these two ions. In 
~he case of NiQl2 and ethylenediamine-tetraaoetic acid, 
lhere b=l, see Figure 10, 100 milliliters of O.OOlM 
ethylenediamine-tetraacetio acid plus 2.01 milliliters of 
0.0498M NiCl2 formed the complex. Each solution was then 
titrated against sodium hydroxide and/or hydronhloric acid 
using a Leeds and Northrup pH meter and graphs were plot= 
ted of the observed pH as ordinate and 11 o 11 as abscissa. 
uo!f was the molar ratio of hydroxyl: ion to ethylenediamine-
'tetraaoetio acid. If hydrochloric acid was used, 11 o 1 n, the 
molar ratio of hydrogen ion to ethylenediamine-tetraaoetio 
'
acid was plotted as abscissa. 
.. Any protons given off in the preliminary formation of 
a complex would give a normal acid-base curve, see Figure 
11, when titrated with sodium hydroxide. If base were 
27 
e 
absorbed but a normal acid~base curve was not obtained,-
~s in Figure 19, then the base must have reacted with the 
I! 
'· 
hydrogen of the complex. Also a normal acid-base curve 
,may be obtained but with an added pH jump, which would 
·' 
I 
show the addition of a hydro:;z:yllgroup to a complex, see 
!! 
/rigure 66. Titration with hydrochloric acid would show 
whether or not protons could be absorbed by the complex 
lks in Figure 63. 
Results of titrations of these kinds, therefore ti-
~rations with sodium hydroxide and with hydrochloric acid, 
~re given in Tables 6 and 7• 
The concentration of the ion of ethylenediamine-
~etraacetic acid was approximately lo-3 and the metal ion 
in a concentration to give the correct ratio 11bu. 
By this method, conclusive results may be formulated 




!c omplexe s 
to an ion of the acid as well as about additional 






POTENTIOMETRIC TITRATION OF THE DISODiill~ SALT OF 
ETHYLENEDIAMINE-TETRAACETIC ACID PLUS NICML CHLORIDE 
(MOLAR RATIO OF ONE TO ONE) AGAINST SODIUM HYDROXIDE 
pHobs 0 calc pHobs 0 calC PHobs 0 calc pHobs 
3·00 o.ooo 3·29 0-799 R:~~ 1.598 10.31 3.02 o .160 I 3 ·40 0 .. 959 1.757 10.45 
3·07 0.~20 3·50 1 .. 118 5.10 1.917 10.6~ 3 .J.4 o. 79 3·b2 1.278 9·65 2.077 10.7 









11 TABLE 7 H 
I POTENTIOMETRIC TITRATION OF THE TETRASODI@M 
SALT OF ETHYLENEDIAMINE-TETRAACETIC ACID PLUS 
-
ALUMINUM CHLORIDE (MOLAR RATIO OF TWO TO ONE) 
AGAINST HYDROCHLOBIC ACID 
" 
c 'calc .I pHobs. c'calc. pHobs. 
7 ·78 o.ooo I 5.80 0.827 7·50 0.039 5.68 o.86~ 7·32 0.079 5·53 0 .. 90 7·18 0.119 5·35 0.9~5 7_.07 0.158 5.10 0-9~ 6.99 0.198 4-85 1.0 6. §)Q 0.236 4.61 1.063 6.81 0.276 4-47 1.102 6.7_3 0.315 4·23 I 1.182 6.68 0-954 4.08 1.260 6.60 0.,9 3·97 1.R50 6-~3 0. 33 3·89 1. 18 6. 7 0.473 3.82 1.49~ 6.41 0.512 3. 7.5 1-57 
l 6-3~· 0.551 3. 65 1.~34 6.2 0.591 3·45 1. 40 6.21 0.62~ 3. 8 2.0 8 








PRESENTATION OF RESULTS AND CONCLUSIONS 
The symbol H
4





, HY-3, and y-4 symbolize the ions of 
H Y- f d t H 3 H2Y-2 t H 5 5 the acid. H4Y and 3 are oun a p , a p • , 
HY-3 at pH 7.5, and y~4 at pH 10.5. It was seen that the 
complexes formed were dependent upon pH and thus the metal 
ions reacted with the ions of ethylenediamine-tetraacetio 
acid. 
To formulate the composition of each complex, equa-
tiona must be written which agree with the results of the 
pH measurements and the conductimetric measurements for the 
complex. 
A conductimet±ic titration of H4Y with NiC12 , see 
Figure 10, produced a change of slope at b~l when 1/X x 103 
was plotted against 11 b 11 .. Four moles of base were absorbed 
by the solution of the complex, per mole of H4Y.. Figure 11 
shows that this curve is a normal acid-base curve. The 
protons reacting with the base must be free, therefore 
unattached to the complex. The following equations agree 
with these results. 
H4Y 4· JIJi "'2 ----) NiY-2 + 4H+ 
4H+ + 4oH- 4H2o 
H3Y-, H2Y-
2
, HY-3 and y-4 reacted in a similar manner with 
NiC12 forming NiY-2 • HY-3 also.reacted to form the complexe 
30 
NiH2Y2 -4 and NiHY2~5. Figures 12 through 23 demonstrate : . 
ii 
t'his. 
Each graph of a conductimetric titration showed a com-
plex formed at b=l. The potentiometric titrations of the 
~ions, H2y-2 and HY-3, against NiCl2 both show a uniformity 
:of pH after the ratio, b=l, was reached, thus indicating 
II 
,i that no reaction took place after this point. The base 
~absorbed by each solution of complex corresponded to the 
1/ protons given off when the complex was formed. Thus, 
Ni +2 + Hr3 ~ NiY-2 + H-~>, H*' ·1.· OH- --'1 H20 and a pH 
jump occurs at c=l, see Figure 20, which shows an ordinary 
acid-base curve. 
Vfuen y-4 was titrated with NiCl2, see Figure 22, a pH 
jump occurred at b=l and then the pH gradually decreased as 
more NiClij was added. Since the complex ~iY~2 forms at a 
high pH here, the pH jump may be due to the excess Ni012 
forming the hydroxide by the reaction Ni .... 2 + 20H- -') Ni(OH)~ .. 
If this happened, no leveling of the pH would occur at b=l. 
The solution of the·complex absorbs no acid or base as 
shown in Figure 23. Therefore the results seem to point 
conclusively to the compfusition Niy-2. 
The titration of HY-3 conductimetrically with Ni012 
also shows a change of slope at b=0.5, see Figure 17. The 
potentiometric titration in thi.s case shows a pH jump at 
b=0·5 as well as a leveling off at b=l.O, see Figure 18. 
This would indicate the formation of two complexes with 
31 
i! 
:different ratios, "b 11 and which also differ in hydroxyl or 
~ydrogen ion content. A titration of the solution of the 
complex, b~0.5, with base, see Figure 19, shows a jump in 
~H at c:0.5. The following equations would explain these 
lr>esults. 
Ni ""2 4· 2HY~3 ----4 NiH;;:Y2 -4 Ni "'"2 2Niy-2 
I NiH2Y2-4 ~ OH- ----} NiHY2-5 ~ H20 
Jbhe last equation seems valid since Figure 19 was not a 
I pormal acid-base curve and the hydroxyl ion must have 
~eacted with the complex. 
To summarize the results for the nickel complexes the 
~allowing equations are given. 
H4 Y -+ Ni 42 ---t NiY-2 4· 4H 4 • 
.1, 4oH-
4H2o 
~2 2 Ni -=----) NiY- 4· 3H"' 
~ 30H-
3H20 
H2Y-2 <\- Ni .,_.2 ---4 NiY-2 -t· 2H+ 
J. 2Im-
2H2o 
2HY- + Ni42 ~NiH Y -4 Ni+~ 
-1- oft-2 
NiHY2 -5 ·1- H20 
y-4 + Ni42 ---4 Niy-2 
2NiY-2 + 2H'~· 
-1, 20H-
2H20 
II The cobalt and copper complexes were found to corres-
lbond to those of nickel. The graphs concerning the cobalt 
'knd copper complexes are shown in Figures 24 through 50. 
Figure 34 is the titration of the complex of cobalt and HY-~ 








The equations for the cobalt complexes are as follows: 
H4Y 4 Co+2 ---4 Cor2 + 4H"" 
-t 4on-
4Hz0 
H Y~ ~ Co~2 ---4 Coy-2 ~ 3H~ 
3 ..It 30H~ 
3H20 
H2Y-2 "" Co~2 ~ CoY~2 ~ 2H"" ~ 20H-
2H20 
4 C <~-2 2HY-3 + Co 4·2 ----} CoH Y ~ ~
.1- o~~2 
CoHY2~5 "" H20 
y-~ + Co~2 ---4 coy-2 
2CoY-2 "" 2H.._ 
t20H-
2H2o 
The complexes for copper are given by the equations: 
H4Y + Cu~2 ---4 Cu~2 ~ 4H4 
..i-40H-
4li20 
H3~ + cu+2 ~ CuY-2 + 3H+ _ {' 30H 
3H2o 
H2Y-
2 ~ cur2 ~ cuy-2 ~ 2H~ 
.1- 20H-
2H20 
2 4 C +2 2HY-3 + Cu"" -} CuH2Y2- ~
-1-0H-
CuHY2-5+ H..:~,b 
y-4 ~ cu"" 2 ----> cuy-2 
2CuY-z + 2H+ 
+ 20H-
2Hz0 
Ferric ion reacts with H4Y to form the complex FeY-
which in turn reacts with sodium hydroxide forming Fe(OH)Y-~ 
This can be seen from Figures 51 and 52 where 11 1i1 11 is found 
to equal one and 11 o 11 equals four and also equals five. 
Thus the following equations are in order. 
33 
II 
Fe "'3 ~ H4 Y ---> FeY- 4- ~+ 
4H .... + 4oH= ~ 4H2 o 
FeY- ~ OH- =--> Fe(OH)Y-~ 
Ferric ion reacts in the same manner with the ions, 
!~ 3Y-, H2Y=2 , HY-3 and y-4. In ali of the cases of titration 
of Fer with sodium hydroxide, the first pH jump in the 
I 
curve was a normal acid-base curve and corresponded to the 
1
titration of the protons freed from the acid when the com-
~lex was formed. Of course in the case of y-4 plus Fe+3 
(ratio of one to one) the first jump came at c=O• The 
' !:second jump corresponded to the addition of a hydroxyl 
group to the complex. If Fe(OH)y-2 had been formed first 
and not FeY-, the following reaction would have taken place. 
, Fe~ + H
4
Y + H20 ~ Fe(OH)y-2 -+ 5H
4 
1
1In this case two pH jumps would not have occurred since all 
the protons would have been free. 
' 
The complexes FeH2Y2-3 and FeY2-5 are formed when HY-3 
and y-4 react with Fe-t-3. In each case 11 b 11 equals 0.5, 
shown in Figures 57, 58, 61, and 62. From Figure 58 it can 
:lbe seen that Fe'~-3 plus HY-3 reacts in such a manner as to 
I . . 
\
1
give two complexes which differ i~ hydrogen content. The 
!:first complex formed must contain hydrogen which is given 
.. off as protons when the second complex is formed, because 
of the drop in pH after b=0.5. The pH continues to drop 




Fe(OH)3 ~ 2HCl. That the second complex was formed is 
" proved by Figure 57 where a distinct break in the curve 
bccurs at b=l. When the first complex was titrated with 
rodium hydroxide, see Figura 59, ~ pH jump occurred at c=l 
'and this was not a normal acid-base curve. The following 
!I 
equations describe these reactions. 
Fe+3 + 2HY~3----) FeH2Y2-B 
FeH2Y2-3 ~ 20H- ~ FeY2-5 ~ 2H20 
Fe~3 plus y-4 forms the complex FeY2-5 immediately as 
reen from Figures 61, 62, and 63, where b:0.5, c=O and 
b':::l. The complex takes up one proton per acid molecule, 
II 
thus taking up 2 protons per complex molecule. The followin~ 
equations describe these reactions. 
Fe+3 • 2Y-4 ----> FeY2-5 
FeY2-5 + 2H+ ---> FeH2Y2-3 
The results for the ferric complexes, Figures 51 
through 64, may.be summarized in the following equations: 




H3Y- ~ Fe~3 ----} FeY~ : + JoH-
Fe(OH)Y-2 
H y-2 + Fe*3 ~ FeY- + 2 
..iOH-
Fe(OH)Y-2 
2HY-3 + Fe+3 ---7 FeH2Y2-3 
-120H-












zy-4 + Fe+3 -> FeY~-5 ---} 2FeY-
-!,2H~ -t- 20H-
FeH2Y2-3 2Fe(OH)Y-~ 
Aluminum ion reacts similarly to ferric ion, thus 
forming the complexes AlY-, Al(OH)Y-2 , AlH2Y2-3 and AlY2-5. 
Figures 65 tbrougn So demonstrate this. 
11 A potentiometric titration of HY-3 plus Al~3 (ratio 2:1 
~ith HCl, see Figure 74, shows that the complex AlH2Y2~3 
takes up nb0protons. 
Since in many of the conductimetric titrations the 
lines formed after b=l had a slight curvature it seemed 
advisable to make sure that a higher complex was not formed. 
,Thus a solution of y-4 plus Al~3 in a molar ratio of one to 
If lrwo was titrated with sodium hydroxide, see Figure So.~ 
:po higher complex were formed the equations ~:s.hown below 
would apply. Thus there should be pH jumps at c=3 and c=4· 






~~he curve shown in Figure ~0 is very irregular and small 
lljumps at c::2.75 and at c=3·75 can be seen more clearly than 
ll 
iFt c=3 and at c=4· If a complex were formed, such as 
Al2 (0H)y+, a pH jump would occur at c~l. If AlzY~e were 
formed, a smooth curve would nesult from the addition of 
sodium hydroxide unless hydroxyl ion were added to the 
complex, in which case a definite pH jump would oocur. 
None of these cases fit the results therefore it is most 
likely that no complex is formed and if a complex is for-
Iii 
~ed that it is very, very weak. 
A break in the curve of Figure 76, a conductimetric 
~itration of Na4Y against AlC13 , comes just before b-=1 
l{at b=0.86) and was due to the equilibrium, Al~3 + y=4---> 
~lY-, going not completely to the right. Similar situations 
~re seen in some of the conductimetric titrations for other 
ons and other metals. 
A slight deviation from linearity in the case of con-
iiuctimetric titration curves is due to::the non-ideality of 
~he solutions concerned. 
1: 
The following equations describe the complexes of 
luminum. 
H4Y ·t- Al ""3 ~ AlY--toH~ 
Al(OH )r-2 











:.: ort3 2HY- ~ Al+3 ---4 AlH2Y2-~2AlY- ~ 2H+ 
.,),20H- .}20H-. +20H-
AlY2-5 + 2H20 2Al(OH)Y-2 2H20 
2Y-4 + Al""3 --}. AlYa-5 Rt+3 ~ 2AlY-
.l,2H."" ..j,20H-
AlH2Y2-3 2Al(OH)y-2 
In article V (6) of the series by G. Schwarzenbach, 
~he heavy metals were said to form hydroxy complexes quite 
Penerally, but none have been found for nickel, cobalt, or 
popper by this research. Fe(OH)Y~2 and Al(OH)Y-2 were 
37 
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mentioned in article IX (?) of the series. In article 
!lVIII (9) the formation of FeY- and F'eHY were discussed. 
ro mention was made of the hydrogen complex, FeH2Y2-3, or ~f FeY2 -5 found in this research. Also the complexes 
Fe(OH)2y-3 and Fe(OH)3y-4 mentioned in this article were 
not found since any pH jump formed by a potentiometric 
titration of Fe(OH)y-2 with NaOH would be insignificantly 
small. In article XX (8), NiY-2, CoY~2 and CuY-2 were 
discussed, but no hydrogen complexes were mentioned. 
To summarize the complexes formed, M will denote Ni, 
(Jo, or Cu, and M' will denote Fe or Al. Thus the following 
pomplexes were founcl: MY- 2 , MH2Y2-4, MHY2-5, M'Y-, M'(OH)Y-~ 
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Figure 10. 
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Figure 12 .. · · 
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Fig·ure 23. 
Potentiometric Titration ot 
Na~Y Plus NiC~ (Ratio 1:1) 
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Figure 25 .. 
Potentiometric Titration of 
B~Y Plus CoCl~ (Ratio 1:1) 
against NaOH 
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Figure 37· 
Potpntiometric Titration of 
Na~Y Plus CoCl~ (Ratio 1:1) 
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Potentiometric Titration of 
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Figure 50. 
Potentiometric Titration of 
Na~Y Flus CuCl~ (Ratio 1:1) 
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Figure 55· 
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Conduotimetric Titration of 
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ABSTRACT 
The research presented here was conceDned with the 
determination of the number and composition of the complexes 
of the heavy metal~, nickel, cobalt, copper, ferric iron 
and aluminuw, with ethylenediamine-tetraaoetio acid. 
Potentiometric titrations of ethylenediamine-tetra-
acetic acid plus a heavy metal with sodium hydroxide showed 
a lowering of pH when compared with the titration of the 
acid alone. This proved that complexes were being formed 
and that during this formation protons were given off, thus 
lowering the pH. Different curves, each with definite level 
areas where reactions were taking place, were obtained when 
different ratios of metal to acid were used. Thus com-
plexes were formed containing different numbers of acid 
molecules and metal atoms. 
When an ion of ethylenediamine-tetraacetic acid was 
titrated potentiometrically a6ainst a metal ion, pH jumps 
and leveling of the pH occurred at definite ratios of metal 
to acid. In these cases one complex formed, which, upon 
addition of more metal ion, formed another complex differing 
in both metal to acid ratio and in hydrogen ion or hydroxyl 
ion content. Vihen the second reaction was complet,ed the pH 
leveled off. Thus these pH curves·; in which pH was plotted 
against the molar metal to acid ratio, determined the com-
position of each complex as far as the number of metal atoms 
and acid molecules were concerned. The curves also indicate< 
xi 
that hydrogen or hydroxyl groups were contained in the 
complexes. 
Conductimetric titrations of each acid ion against each 
metal ion were carried out. A break in the linear curve of 
the conductivity plotted against the molar ratio of metal 
ion concentration to acid ion concentration showed the num-
ber of metal atoms and acid molecules present in each com-
plex. These results corroborated those of the previously 
mentioned potentiometric titrations. 
Solutions of acid ion and metal ion were then mixed so 
that the molar metal to acid ratio was that of the complex 
between the two ions, thus the ratio found above. The re-
sulting solutions were then titrated with base or acid. 
If in the case of titration with base a normal acid base 
curve was obtained when pH was plotted against the molar 
ratio of added hydroxyl ion to the total ethylenediamine-
tetraacetic acid in the solution, then the protons reactinJ 
with the base were freed when the complex was formed. If 
the curve was not a normal one, the hydroxyl ion reacted 
with the complex directly. When hydrochloric acid was used 
instead of base in~the titration, if a pH jump occurred, 
protons were being taken up by the complex. In each case 
the pH jumps occurred at definite molar ratios of hydroxyl 
ion to total ethylenediaruine-tetraacetic acid or of hydro-
gen ion to total tetraacetic acid, thus showing how many 
hydrogens were given off in the formation of the complex, 
xii 
hydrogens were given off in the formation of the complex~ 
and how mapy hydroxyl or hydrogen ions were taken up by any 
complex to form a new complex. 
Equations were then written~ which agreed with the com-
bined results obtained above. From these equations the 
composition of each complex was known. 
To s~marize the complexes formed, a chart is given 
below of the equations resulting from this research. The 
symbol H4Y indicates ethylenediamine-tetraacetic acid and 
H3Y-, H2Y-2 , HY-3and y-4 the ions of this acid. 
H4Y ~ N1•2 ~ NiY-2 ~ ~~ 
"-40H-
4H20 
H;Y- ~ Ni+2 ~ Niy-2 + 3H+ 
.!.30H-
3H20 
H2Y-2 ~ Ni~2 ~ Niy-2 ~ 2H+ 
.J. 20H-
2H20 
4 Ni+2 2HY-3 + Ni+2 ~ NiH2Y2- ~ 
..tOH-
NiHY2-5 






2 ~ CoY-2 ~ 3Hr 
-+ 30H-
3H20 




2HY-3 ~ Co~2 ~ CoH2Y2-4 co+2 2CoY-2 + 2H4 
.J,OH- -1, 2 OH-
CoHY2 -5-+- ~o 2H20 
y-4 + co*2 ~ Coy-2 
H4Y + Cu+2 --+ CuY-2 + 4H+ 
4- 40H-
4H20 
H;Y- + Cu*2 ~ CuY-2 + 3H+ _ 
..1.- 30H 
3H20 
H2y-2 + cu*2 ~ cuy-2 + 2H+ !20H-
2H20 
2~3 ~ cu•2 ~ CuH2Yc-4 ~u*~ 2Cuy-2 
-L. oH-
CuHY2-5 1- H20 
y-4 + cu+2 ~ cuy-2 
H4Y ~ Fe+3 ~ FeY- T ~+ 
...), 4oH-
4H2o 
H;y- + Fe*3 ~ FeY- + 3H+ 
.J.30H-
3H20 
H2y-2 + Fe+3 ---4 FeY- + 2H+ J20H-
2H20 
2HY-3 ~ Pe+3 ~ FeH2Y2-3 ~~ 2FeY-_ ~ 
-i-20H- -1- 20H 
FeY2-5 ~ 2H20 2Fe(OH)Y-2 





H~Y 4 Al*3 ~ AlY- ~ 3H~ 
~ 4-0H- --lr30H-
Al(OH)Y-2 3H20 
• H r 2 -+ Al ""3 ---) Aly- + 2H"" 2 .iOH- ..l,20H-Al(OH)Y-2 2H20 
2~3 ~ Al~3 ~ AlH2Y2-3 ~ 2AlY- ~ Jr20H- -l.20H-
AlY2-5 t 2H20 2Al(OH)Y-2 
2Y-4 + Al~3 ~ AlY2-5 Al+~ 2AlY-
.l. 2H"'" ..t. 20H-
A1H2Y2-3 2Al(OH)y-2 
